The rare radiative decay b → sγ is studied in SU (2) L × SU (2) R × U (1) extensions of the Standard Model. Matching conditions for coefficients of operators appearing in the low energy effective Hamiltonian for this process are derived, and QCD corrections to these coefficients are analyzed. The b → sγ decay rate is then calculated and compared with the corresponding Standard Model result. We find that observable deviations from Standard Model predictions can occur in SU (2) L × SU (2) R × U (1) theories for a reasonable range of parameter values.
Introduction
The radiative weak decay b → sγ has been the subject of significant experimental and theoretical study during the past several years. This rare transition has recently been observed for the first time in the exclusive channel B → K * γ at CLEO [1] . The experimental bound on its inclusive rate has also been improved, and better limits are expected to be set within the next few years. On the theoretical side, b → sγ decay is of considerable interest for several reasons. Firstly, since this process involves third generation fermions, it is sensitive to the heavy top quark and its rate grows with increasing top mass. Secondly, strong interaction corrections to this weak radiative transition are known to be unusually large [2, 3] . Two-loop diagrams that generate the leading QCD corrections to this decay actually dominate over the lowest order one-loop graphs. But the most exciting feature of this transition is its potential to reveal departures from the Standard Model. Since flavor structure remains poorly understood, careful study of rare neutral flavor changing processes offers one of the best prospects for glimpsing signs of new physics in the near future. The b → sγ transition thus provides a window onto possible extensions of the Standard Model and has been investigated in two-Higgs doublet models [4] , supersymmetric theories [5] and extended technicolor scenarios [6] . Comparison of results from these theories with experimental measurements places constraints upon new physics which may lie beyond the Standard Model.
In this paper, we examine b → sγ decay in another well-known extension of the Standard Model. Specifically, we consider theories based upon the extended electroweak gauge group SU (2) L × SU (2) R × U (1). Such models have been widely studied in the past [7] [8] [9] , and a number of phenomena such as K K mixing and neutrino masses have been used to constrain their allowed parameter spaces. The b → sγ transition however has received relatively little attention within the context of SU (2) L × SU (2) R × U (1) theories.
We therefore will analyze this important rare process in these models and compare the results with those from the SU (2) L × U (1) Y theory.
A previous study of the dominant gauge boson contributions to b → sγ decay in SU (2) L × SU (2) R × U (1) theories has been reported in ref. [10] , while scalar contributions have been discussed in ref. [11] . Our work differs from and improves upon these earlier findings in several important ways. Firstly, we perform our computations within the effective field theory framework which has become standard in b → sγ investigations.
Comparison of results between the SU (2) L × U (1) Y and SU (2) L × SU (2) R × U (1) models is therefore facilitated. Use of effective field theory technology also allows us to systematically incorporate QCD running effects which have not been consistently treated before.
Secondly, we do not restrict our analysis from the outset to models with manifest left-right symmetry as previous authors have done. Rather we allow for the more general case of asymmetrical left and right handed sectors. Finally, our results differ both qualitatively and quantitatively from those reported in the literature. We therefore believe that our findings provide several new insights into this problem.
Our paper is organized as follows. In section 2, we provide a general review of
theories and present the particular model which forms the basis of our b → sγ study. In section 3, we derive a low energy effective theory starting from the full SU (2) L × SU (2) R × U (1) model, and we calculate the coefficients of the leading nonrenormalizable operators in its effective Hamiltonian which are relevant for b → sγ decay.
Strong interactions corrections are then discussed in section 4. Finally, we evaluate the radiative decay rate for a range of reasonable parameter values in the SU (2) L ×SU (2) R ×U (1) theory and compare our results with those from the Standard Model.
Theories based upon the electroweak gauge group SU (2) L × SU ( (10) . One of the principle appeals of these models is that they allow for parity to be restored as a symmetry of nature at some energy scale above 250 GeV. A discrete left-right reflection has therefore commonly been imposed on most SU (2) L × SU (2) R × U (1) models which restricts their particle content and coupling constants. The incorporation of parity represents however an additional simplifying assumption which is not required by the structure of the extended electroweak gauge group.
Moreover, left-right symmetric theories are known to encounter difficulties if considered in the context of grand unified models or cosmology [12, 13] . So more recent studies have focused upon left-right asymmetric models. In this article, we will work within the framework of a general SU (2) L × SU (2) R × U (1) model and not impose left-right symmetry from the outset.
To begin, we combine the color and electroweak sectors and start with the extended
which cascades down to the unbroken color and electromagnetic subgroup H = SU (3) C × U (1) EM through the following simple symmetry breaking pattern:
(2.1)
We have listed underneath each of the subgroup factors in this pattern our nomenclature conventions for their associated generators and coupling constants. Our covariant derivative with respect to the gauge group G thus appears as
We next display the fermion and scalar content of our model. 1 Quarks and leptons
where the primes indicate that these fields are gauge rather than mass eigenstates. The fermions also carry a suppressed generation index which ranges over three family values.
We introduce the scalar field
1 Throughout the remainder of this section, we adopt notation which closely follows that established by Langacker and Sankar in ref. [13] .
which acquires the complex vacuum expectation value
and generates fermion masses in the Yukawa sector. After diagonalization of the quark mass matrices, the primed gauge eigenstate quark fields in (2.3) are related to unprimed mass eigenstate fields as u
where S u,d and T u,d represent 3 × 3 unitary matrices in family space.
We need to include additional Higgs fields into our theory in order to fully implement the symmetry breaking pattern specified in (2.1). There are a number of possibilities for how these scalars may transform under G. The rate for b → sγ decay in the SU (2) L × SU (2) R × U (1) model will not sensitively depend however upon the precise structure of its scalar sector. So we make the simplest choice and introduce two doublet fields
which acquire the real VEV's
Although χ L is not essential for symmetry breaking purposes, we incorporate it along with χ R into the scalar sector so that our model can be rendered left-right symmetric if desired.
After the spontaneous symmetry breakdown G → H, the kinetic energy terms in the scalar Lagrangian
generate the charged W boson mass matrix
where α represents the phase of k * k ′ . The eigenvalues
and eigenvectors W
of this mass matrix correspond to the physical charged W bosons in the SU (2) L ×SU (2) R × U (1) theory. The mass M 2 of the predominantly right handed W 2 as well as the small
are restricted by a number of low energy phenomenological constraints. Numerical estimates for bounds on these quantities in left-right symmetric theories typically lie in the range [13, 14] M 2 > 1.4 TeV and |ζ| < 0.0025. (2.14)
However in some corners of parameter space in particular SU (2) L ×SU (2) R ×U (1) models, M 2 masses as low as 300 GeV or mixing angles as large as |ζ| ≈ 0.013 are allowed. So we will take the numbers in (2.14) as reasonable estimates for these two important parameters but consider ranges around these values as well.
In order to maintain explicit gauge invariance in our Green's functions, we will work in the background field version of 't Hooft-Feynman gauge [15] . The gauge fixing Lagrangian in our model schematically appears as
Here Q a µ represents a quantum gauge field for the gauge group G, while Q a µ stands for a classical background field for the unbroken subgroup H. As usual, the quadratic W µ ∂ µ φ cross terms that arise in the kinetic energy sector of the scalar Lagrangian (2.9) after spontaneous symmetry breaking are canceled by identical terms in the gauge fixing Lagrangian.
The expressions for the charged would-be Goldstone bosons corresponding to the longitudinal components of the physical W + 1,2 can simply be read off from these quadratic cross terms:
where
In addition, the following trilinear interactions between the background photon field, physical W 1,2 bosons and would-be Goldstone fields in the gauge fixing Lagrangian
are also canceled by terms in the Higgs kinetic energy sector. This extra cancellation results from our particular choice of 't Hooft-Feynman background field gauge and will simplify our b → sγ analysis.
Having identified the Goldstone fields in eqn. (2.16), we can readily derive their charged current interactions. It is important to note that the form of these interactions is independent of our particular choice of scalar representations in this model. We display below the terms in the charged current Lagrangian which are relevant for b → sγ decay:
In this expression, P ± = (1 ± γ 5 )/2 represent right and left handed projection operators, M U and M D denote the diagonalized quark mass matrices Having set up our SU (2) L × SU (2) R × U (1) model, we proceed to investigate b → sγ decay in the next section.
The Effective Theory
The rare decay b → sγ is sensitive to new physics above the electroweak scale v L . In most SU (2) L × SU (2) R × U (1) extensions of the Standard Model, the separation between v L and the scale v R where the gauge group G spontaneously breaks is quite large. The difference between the bottom quark and electroweak scales is also large. Therefore, this low energy radiative transition is especially well suited for analysis within an effective field theory framework which can take advantage of these large scale separations.
The construction of the effective theory begins at theory to be comparable. We therefore will tolerate this small uncertainty which could be systematically refined if desired.
The dominant one-loop contributions to b → sγ in the SU (2) L ×SU (2) R ×U (1) model come from the diagrams displayed in fig. 1 . We evaluate these graphs with their external propagators placed on-shell. After performing an operator product expansion, we extract the leading terms which match onto local magnetic moment operators. Such terms are generated only by the four 1PI diagrams shown in the figure. Other 1PR graphs which arise at one-loop order do not match onto magnetic moment operators and may therefore be ignored.
It is sensible to make some simplifications at this stage. Firstly, since ζ is known to be quite small compared to unity, we work only to O(ζ) and set cos ζ → 1 and sin ζ → ζ.
Moreover, since ζ will always appear in combination with g 2R /g 2L , we define ζ g = g 2R /g 2L ζ.
We also neglect the mass of the strange quark relative to the bottom quark mass. The b → sγ amplitude is then given at the W 1 scale by the tree level matrix element of the effective Hamiltonian
(3.
2)
The first term inside the curly brackets in (3.1) is precisely the same as in the Standard
Model to which the SU (2) L × SU (2) R × U (1) theory reduces in the limit v R → ∞. Its coefficient function F is identical to the analogous Standard Model function which was first calculated by Inami and Lim [17] . On the other hand, the second term proportional tõ Having found the effective Hamiltonian expression in (3.1), we can easily take its tree level matrix element and compute the b → sγ decay rate:
(3.4)
It is common practice to normalize this radiative partial width to the semileptonic rate
where g(ǫ) = 1 − 8ǫ 2 − 24ǫ 4 ln ǫ + 8ǫ 6 − ǫ 8 represents a phase space factor [18] . The sensitive dependence of eqns. (3.3) and (3.5) upon the bottom quark mass and the KM angles then cancels in their ratio
This ratio is plotted in fig. 2 
Strong Interaction Corrections
QCD corrections to b → sγ decay have received considerable attention during the past several years and are known to be very large in the Standard Model [2, 3] . The analysis of strong interaction effects upon the rare radiative transition is most sensibly conducted within the five-quark effective theory where large logarithms can be summed using the renormalization group. Since the structure of the low energy effective theory does not sensitively depend upon the precise nature of physics beyond the electroweak scale, the computation of strong interaction corrections is similar in both the SU (2) L ×SU (2) R ×U (1) and SU (2) L × U (1) Y models. We can therefore take over many well-known results from prior b → sγ studies.
We start by generalizing the effective Hamiltonian in (3.1) to include operators that mix with the photon magnetic moment terms under the action of QCD renormalization:
We adopt the following conventional choice for the set of operators appearing in the effective
Hamiltonian:
Here α and β represent color indices, while the summation over q ranges over the five active quark flavors. This list constitutes a complete operator basis if the underlying full theory is the Standard, two-Higgs doublet or minimal supersymmetric model.
In the SU (2) L × SU (2) R × U (1) effective theory however, new operators with different chirality structures can arise. In particular, we need to include the four-quark terms
which are left-right analogues of O 1 and O 2 . The ratios of the bottom and charm quark masses are incorporated into their definitions to facilitate later mixing computations involving these operators. We also need to introduce the flipped chirality partners O
of O 1 -O 10 obtained by setting P ± → P ∓ in eqns. (4.2) and (4.3). Most of these new operators will fortunately play no significant role in our b → sγ analysis. So the total number of operators that we will actually need to consider is much smaller than 20.
After performing a straightforward matching computation, we find the following W 1 scale coefficient values in the limit of vanishing up quark mass:
The functions F andF in the coefficients of the photon magnetic moment operators O (′) 7
were previously specified in (3.2). The analogous functions for the gluon magnetic moment operators O
8 are given by 8 and has been calculated by a number of groups [2, 3] . At this time, complete consensus regarding the exact values for all the entries in γ 8×8 has not been achieved. While this lack of agreement is disturbing, it is of relatively little practical importance since all competing claims for γ 8×8 yield nearly identical numerical results for All other entries in the 10 × 10 anomalous dimension blocks vanish.
Once the anomalous dimension matrix is determined, it is straightforward to solve the renormalization group equation which relates coefficient values at µ = M W 1 to those at µ = m b . The solution appears as Assembling together the bottom scale coefficients and matrix elements of all the operators in our basis set, we finally obtain the QCD corrected b → sγ decay rate in the
The effective magnetic moment operator coefficients are given by
denotes the corresponding Standard Model result. The coefficients h i and powers p i entering into the last term have been discussed and tabulated in the appendix of ref. [19] .
We simply quote them here The radiative partial width in (4.9) is regularization and renormalization scheme independent as must be the case for any physical observable. 3 We normalize it to the QCD corrected generalization of the semileptonic rate in (3.5)
and form the ratio
. (4.15) 3 We should point out that the coefficients C 
10 are regularization scheme dependent. These quantities were all calculated in the fully anticommuting γ 5 dimensional regularization scheme.
The function f appearing in these expressions encodes sizable next-to-leading order strong interaction effects which we choose to include and is numerically tabulated in ref. [18] . In order to restrict the parameter dependence of R so that it can be simply displayed, we will specialize to the left-right symmetric limit and set g 2L = g 2R and |V L | = |V R |. R then depends only upon the three parameters ζ, m t and α.
In fig. 3 , we plot R as a function of the mixing angle ζ in both the SU (2) L × SU ( Distinguishing between the two theories is consequently easiest for values of α near these two endpoints. Such values are fortunately favored in the SU (2) L × SU (2) R × U (1) model to avoid excessive CP violation [13] .
In conclusion, we have analyzed the rare b → sγ decay mode in SU (2) L ×SU (2) R ×U (1) extensions of the Standard Model. We have found that mixing between left and right W bosons in such models can lead to sizable new contributions to the effective Hamiltonian for this radiative process even though the mixing angle ζ is constrained to be quite small. QCD corrections diminish the disparity between the b → sγ rates in the SU (2) L ×SU (2) R ×U (1) and SU (2) L ×U (1) Y theories. However for reasonable ranges of parameter values, the decay rates can be distinguished and used to probe for new physics beyond the Standard Model. 
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